Abstract Although massive flank failure is fairly common in the evolution of volcanoes, measurements of flank movement indicative of instability are rare. Here 3-D displacements from airborne radar amplitude images derived using an amplitude image pixel offset tracking technique show that the west and southwest flanks of Pacaya Volcano in Guatemala experienced large (~4 m), discrete landsliding that was ultimately aborted. Pixel offset tracking improved measurement recovery by nearly 50% over classic interferometric synthetic aperture radar techniques, providing unique measurements at the event. The 3-D displacement field shows that the flank moved coherently downslope along a complex failure surface involving both rotational and along-slope movement. Notably, the lack of continuous movement of the slide in the years leading up to the event emphasizes that active movement should not always be expected at volcanoes for which triggering factors (e.g., magmatic intrusions and eruptions) could precipitate sudden major flank instability.
Introduction
Massive flank failure is a fairly common process in the evolution of volcanoes, having occurred at over 400 volcanoes worldwide [Siebert et al., 2006] . The resulting debris avalanche from a large volcanic slope failure can be extremely hazardous due to their size and mobility, resulting in 20,000 casualties in the past 400 years [Siebert, 1984] . However, few measurements of large, discrete flank movements exist at volcanoes, with most measured cases of unstable flanks exhibiting slow (<10 cm/yr) creep over years to decades [see Ebmeier et al., 2010, and references therein] . The largest flank movement detected by space geodesy was captured by interferometric synthetic aperture radar (InSAR) ground deformation measurements at Pacaya Volcano in Guatemala, revealing~3 m of displacement of the west and southwest flanks during explosive eruptions on 27 and 28 May 2010 [Schaefer et al., 2015] . This movement was determined to be coeruptive, occurring sometime over the 2 day eruption that produced 1.3 × 10 7 m 3 of tephra and 1.6-6.4 × 10 6 m 3 of lava, categorizing the eruptions as a VEI 2-3 on the Volcano Explosivity Index (VEI). A NNW oriented trough developed concurrently with the eruptions and slope movement, measuring 50-80 m deep, 100 m wide, and extending 600 m from the summit (Figure 1 ). The development of this feature is likely due either to a NNW oriented magma intrusion and/or the flank movement itself. Given the magnitude of displacement and the history of flank collapse, with an ancestral collapse occurring 600-1500 years [Kitamura and Matías, 1995] , this movement was considered to be an indication of severe edifice instability.
While InSAR captures the spatial extent of the coeruptive slope movement, phase jumps and a high deformation gradient prevent phase unwrapping [Schaefer et al., 2015] and thus the retrieval of a continuous deformation field. Additionally, interferograms of this event suffer from phase decorrelation on the upper flanks due to changes in surface reflection characteristics and presumably large motions. Consequently, it is not possible to resolve the three-dimensional (3-D) surface displacement field using InSAR. Here a pixel offset tracking technique was applied to two tracks of UAVSAR (L-band, wavelength = 23.8 cm) images (one flying from S68°E to N68°W and one flying from N68°W to S68°E) acquired on 11 February 2010 and 26 April 2011 that span the 27 and 28 May 2010 eruptions. The 3-D displacement field was then estimated from the azimuth-and range-offset measurements. 2. Methods
SAR Offset Measurements on Predetected Targets
Pixel offset measurements between two synthetic aperture radar (SAR) amplitude images can provide unambiguous ground displacement measurements in both the line of sight (LOS) direction and parallel to the along-track satellite flying direction [Michel et al., 1999] . Although pixel offset measurements are typically less accurate than slant range phase, being on the order of one tenth the accuracy of the pixel resolution (~2 m for UAVSAR), they allow for the full 3-D displacement field to be derived when both ascending and descending orbits are combined [e.g., Fialko et al., 2001] . In addition to conventional SAR image offset tracking methods, which cross correlates regularly spaced windows (e.g., 64 × 64 pixels) throughout an image, here strong reflectors were used to identify and focus the offset estimates if present. This target detection strategy can retrieve useful displacement information even when the corresponding interferogram appears completely decorrelated [e.g., Wang and Jonsson, 2015; .
Two pairs of coregistered UAVSAR SAR images acquired on 11 February 2010 and 26 April 2011 were provided by the Jet Propulsion Laboratory. Cross-correlation windows with steps of half of the window size were distributed throughout the amplitude images to detect strong reflectors and increase measurement density. Next, both the azimuth and range offsets were estimated by cross correlating 64 × 64 pixel windows centered on the assigned locations (see supporting information for range and azimuth offsets). The topographyrelated offsets are expected to be negligible due to the small perpendicular baseline between UAVSAR acquisitions. Obvious outliers were removed from the results using 0.2 as a cross-correlation threshold.
Three-Dimensional Slope Displacements
The 3-D displacement field was created using a system of linear equations linking the azimuth-and rangeoffset measurements (d az and d los ) to 3-D surface displacements U as follows [Fialko et al., 2001] : 
where θ is the radar incidence angle, ɸ is the airplane heading angle, and superscripts a and d correspond to the ascending and descending flights, respectively. Using this system of equations, 3-D displacements were computed where at least three measurements existed within 100 m × 100 m windows uniformly distributed across the imaged area. Within the window, the variance of offsets from each direction was calculated and removed if larger than 0.3 m. Uncertainty was calculated based on the standard deviation of a window far from the volcano, assumed to be an area of no deformation. Given the full 3-D displacements, movement can then be decomposed into the vertical and along-profile horizontal directions using known aspect angles of the topographic profiles.
Persistent Scatterer Interferometric Synthetic Aperture Radar
To investigate evidence of movement prior to the coeruptive landslide, 19 InSAR pairs with high spatiotemporal coherence between 6 August 2007 and 29 March 2010 were used to calculate the LOS direction deformation rate using persistent scatterer InSAR (persistent scatterer interferometric, PSI) [Ferretti et al., 2001 [Ferretti et al., , 2011 . To maximize the density of PS points on the surface, both PSI and Small Baseline Subset techniques [Berardino et al., 2002] were applied using the StaMPS software package. A more detailed discussion of the methodology can be found in the supporting information [Hooper, 2008; Ebmeier et al., 2012; Matías Gómez et al., 2012; Salzer et al., 2014] .
Results
Pixel offset measurements confirm high-magnitude landsliding movement of the SW flank originally revealed using InSAR [Schaefer et al., 2015] . The greatest amount of recoverable displacement occurred at higher elevations (maximum westward movement of 3.92 AE 0.02 m, southward movement of 2.90 AE 0.04 m, and downward movement of 2.95 AE 0.05 m), decreasing in magnitude to the toe of the slide (Figure 1a ). Amplitude pixel offset tracking increased measurement recovery by 48%, or an area increase (Figure 1b) , confirming that parts of the upper edifice were involved in the slope movement. Although pixel offset tracking cannot recover deformation on the upper southwest flanks due to severe surface disturbances, based on the smooth deformation field and the spatial extent of settlement posteruption [Schaefer et al., 2016] , we speculate that displacements increase toward the summit, similar to the western flank. This is supported by significant deformation (~20 cm) of the ancestral collapse scarp located to the NNW of the linear trough measured with GPS in January of 2009 and 2011. The magnitude and direction of movement on the lower flanks is additionally supported by GPS measurements [Zumberge et al., 1997; Hetland, 2014] (see supporting information for more details). Given that the edifice is highly asymmetric, being built within the avalanche scarp of an ancestral volcano, the unstable area accounts for much of the current cone. Measurements to the NE of the ancestral collapse scarp show varying degrees of vertical displacement and a random distribution of horizontal components. These points are located in a highly vegetated area that experienced several tens of centimeters of tephra fall during the eruption, creating drastic surface changes. Thus, we consider these measurements to be unreliable. This is again confirmed by the GPS measurements, which show negligible movement in the area to the northeast of the ancestral collapse scarp.
The comprehensive spatial sampling of the pixel tracking measurements shows a smooth deformation field that spans the west and southwest flanks, with different gradients corresponding to different styles of movement. Profiles of 3-D displacement show these detailed landslide mechanics, with a notable decrease in vertical components of the slide at the boundary between the steep (~33°) upper cone above 1600 m above sea level and the shallower (~10°) lower flanks. On the west flank, which contains the most proximal measured points to the summit, the slope moved at an angle of~30°below the horizontal at the highest elevations, shallowing to~15°at the base of the slide (Figure 2a ). This change in movement direction indicates rotation of the 1.5 km sliding mass. Instead of a thrust geometry downslope, which would resemble a classic rotational failure, the movement diminishes to slope parallel. On the southwest flank, which contains the most distal measured points, measurements recovered on the lower, shallow portion of the flank show that movement was nearly slope parallel at 11°below horizontal (Figure 2b ). At the toe of the slide the movement direction steepens slightly, although the vertical components remain small (~30 cm or less). On both flanks, the profiles show shortening of the slope by a few meters over areas of 1-1.5 km. This shortening is likely too diffuse to cause significant bulging at the toe of the slide, a common feature seen at volcanoes with gravitationally driven slope movement [i.e., van Wyk de Vries and Francis, 1997].
The PSI analysis shows no continuous or episodic movement of the lower flanks in the years (August 2007 to March 2010) leading up to the 2010 eruption that would indicate long-term instability of the extent of material that moved (Figure 3 ; see supporting information for details). It is important to note that both the SAR acquisitions and GPS collection dates, on the order of months to years, prevent the retrieval of deformation in the weeks, days, and hours leading up to the flank movement. Thus, the possibility of very short term deformation prior to the eruptions cannot be ruled out.
Discussion
The most extreme case of documented flank deformation occurred at Mount St. Helens in 1980, when bulging of the northern flank on the order of 150 m over several months provided dramatic indication of magmatic intrusion into the volcano prior to catastrophic collapse [Lipman and Mullineaux, 1981] . Unlike Mount St. Helens, the low frequency of observations at Pacaya prevents us from determining the exact role of magma intrusion and eruption in the flank movement. Prior to the May 2010 eruptions, activity increased markedly in the weeks before the eruptions, with an increase in lava flows suggesting an increase in intrusion rate into the cone (CONRED bulletin reports, http://www.conred.gob.gt/). The formation of the NNW trending trough during the eruptions is the most obvious link between magma intrusion and slope movement, with an eruption from the lower end of the structure providing clear evidence that magma propagated through the feature. Substantial horizontal movement of the SW flank perpendicular to the trough also likely played a role in its formation, although the lack of measurements near the summit prevents us from directly correlating a landslide head scarp to the trough location. However, cracking along this NNW trend and the eruption of a large lava flow on the SE flank shortly after the explosive eruptions indicate that a tensional zone spans the entire cone [Schaefer et al., 2016] . The orientation of the magma intrusion and trough formation is
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likely controlled by the local transtensional (ENE-WSW σ 3 component) stress regime [Schaefer et al., 2013] . While models of a NNW striking dike intrusion can account for some of the measured deformation [Okada, 1985] (see supporting information for synthetic interferograms), large misfits arise due to a lack of measured deformation on the southeast and northwest flanks. Additionally, dike opening, even at shallow depths, produces deformation that covers a much larger area than that of the observed motions over the lower southwest flank. Thus, we conclude that much of the measured deformation is due to landslide propagation after triggering, preventing a direct correlation between the amount of dike opening and measured flank movement. Figure 2b . The 2010 trough feature and angle of surface movement at the lowest elevation is extended inward, represented by red dashed lines, and the potential zone of unstable material is represented by the pink dashes. Currently, the head scarp of the landslide is drawn to coincide with the NNW trending linear trough feature. A lack of measurements near the summit prevents a clear recognition of the head scarp, which may be located farther to the NE, thus incorporating a greater volume of the edifice.
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The absence of long-term deformation prior to (PSI results Figure 3 ) and after [Schaefer et al., 2016] the slope movement suggests that the landslide was both rapidly triggered and arrested, likely contained to the explosive phases during the 2 day eruption. Magma-induced flank displacement on the order of tens of centimeters has been observed at smaller scales at other volcanoes such as Kilauea [Swanson et al., 1976] , Piton de la Fournaise [Sigmundsson et al., 1999] , and Etna [Acocella et al., 2003] . In these cases, the intrusions seem to temporally increase preexisting gravitational instabilities [Delaney et al., 1998; Lundgren et al., 2004; Clarke et al., 2013] , even reactivating repeatedly (i.e., Kilauea Volcano) [Swanson et al., 1976; Delaney and Denlinger, 1999] . In nonvolcanic environments, large episodic movement surrounded by essentially static periods such as that seen at Pacaya can recur repeatedly [e.g., Petley et al., 2005; Massey et al., 2013; Tiranti et al., 2013; Ronchetti et al., 2010] . These reactivations tend to be correlated with specific triggers, often related to hydrologic variations such as rainfall or seasonal snowmelt. Studies of the now inactive San Andres Fault system on El Hierro (Canary Islands) indicate that a similar process on a larger scale occurred between 546 and 176 ka, in which a giant landslide appears to have aborted during the early stages of sliding [Day et al., 1997] . This was attributed primarily to the absence of pore fluid saturated rocks, which is a key factor controlling the initiation of debris avalanches in theoretical models [e.g., Elsworth and Voight, 1995] . Although there are no indications that Pacaya's edifice is saturated, intrusions into the edifice during the 2010 eruptions may have acted to temporally increase fluid pressures, triggering instability. While it is unclear what conditions must be met to promote failure, the magnitude of movement measured here and evidence of large movements at other volcanoes suggests that volcanic flanks are capable of experiencing significant displacements without the sliding mass propagating into a catastrophic debris avalanche.
Given the lack of measurements on the upper southwest flank and around the summit area, the full components of the landslide geometry cannot be revealed. However, the spatial extent of the material involved in the slide, extending nearly 3000 m from the summit vent and incorporating areas far beyond the steeper slopes, suggests a deep slip surface. Landslide volume (V) is commonly estimated from landslide area (A) in the form of V = αAγ, with scaling exponent (γ) and intercept (α) derived from field measurements [Larsen et al., 2010] . Using parameter estimates given by Larsen et al. [2010] for bedrock landslides (γ = 1.35 AE 0.01 and log 10 (α) = À0.73 AE 0.06), and considering an area of 7 km 2 extending from the summit to the toe of the slope movement, the volume and average depth would be 0.32 km 3 and 46 m, respectively. However, [Lipman and Mullineaux, 1981] can also not be ruled out. Additionally, given the inherent structural complexities in a volcanic edifice, the slip surface is likely to be noncircular, such as the collapse scarps of other large volcanic sector collapses [Siebert, 1984] . Noncircular slip surfaces modeled in Schaefer et al. [2013] that include areas beyond the steeper slopes of the edifice such as that measured here suggest that the depth to the surface may be on the order of several hundreds of meters near the head scarp. If this is the case, the unstable mass may be similar to the volume that failed in the ancestral collapse event, estimated between 0.65 and >1 km 3 of material [Siebert et al., 2006] .
Conclusions
Unlike the continuous movement often measured on unstable volcano flanks, evidence from persistent scatterer InSAR at Pacaya Volcano suggests that large flank movements or catastrophic collapse may not be detectable long before they occur. Instead, episodic movements initiated by magmatic intrusions or other rapid triggers may promote edifice instability. Without high-frequency geodetic monitoring during eruptive episodes, short-term indications of impending large movement may be missed, preventing timely warning. Although remote sensing techniques such as InSAR are capable of creating high-density spatial maps of volcanic deformation, large movements can lead to decorrelation or unwrapping errors, prohibiting the extraction of useful measurements. Amplitude image pixel offset measurements applied to UAVSAR SAR images have proven capable of retrieving signal from decorrelated areas in SAR interferograms, allowing a 3-D displacement field to be estimated from the azimuth-and range-offset measurements. The resulting measurements provide insight into a unique landslide event at an active volcano with the potential to collapse catastrophically. The possibility of reactivation of the unstable mass should be considered a future hazard, particularly during magmatic intrusions or eruptive episodes.
